Molecular bound states tend to become progressively more stable in the melts of polyvalent metal halides as the nominal valence of the metal increases. We examine in this work the case of pentavalent metal halides. First we propose a simple ionic model for the binding in several pentahalide clusters: the chlorides of Nb, Ta, Sb, and Mo and the bromides of Nb and Ta. The molecular monomers of these compounds have a D 3h trigonal-bipyramidal structure in the ground state, and we make use of data on equatorial bond lengths and breathing mode frequencies in the vapour to determine the main force-law parameters of the metal ion. We also find that the C 4v square-pyramidal structure is mechanically unstable against transformation into the D 3h shape. We then consider higher molecular clusters, i. e. the dimers of Nb pentahalides and the bound states formed by NbCl 5 with the chlorides of Cs, Al, Ga, and Sb. We propose structural models for all these stable clusters and compare their calculated vibrational frequencies with the available data from vibrational spectroscopy of mixed melts.
Introduction
Charge compensation within well defined molecular units becomes frequent in the condensed phases of metal halides if the nominal valence of the metal increases [1] . In comparison with more conventional molten salts such as the alkali or alkaline-earth halides, the liquid phase is characterized in these molecular systems by a relatively low freezing point and by high fluidity and very low electrical conductivity. Structural characterizations through diffraction experiments or simulation studies based on interionicforce models have provided direct evidence for such units in a number of melts. Well known examples among trihalides are AlBr 3 [2] and SbCl 3 [3] , the basic molecular units being the dimer in the former case and the monomer in the latter. These units are, of course, strongly correlated with each other in the dense melt. Molecular-liquid behaviour is similarly well established among tetrahalides for GeBr 4 [4] and ZrCl 4 [5] . Typical molten-salt behaviour is restored upon mixing with alkali halides, which through halogen donation to the polyvalent metal element gives 0932-0784 / 02 / 1200-0943 $ 06.00 c Verlag der Zeitschrift für Naturforschung, Tübingen www.znaturforsch.com rise to a liquid structure formed by complex anions and alkali counterions.
Following earlier work on the determination of interionic-force models for molecular bound states in the tetrahalides of Zr, Th, and actinide elements [6] , we examine in the present work the case of pentahalides. For the monomeric molecules of the halides of such elements as Nb or Ta, the possibility exists of either a D 3h trigonal bipyramidal shape or a C 4v tetragonal pyramidal structure [7] . The chlorides and bromides of both Nb and Ta crystallize into structures whose basic constituents are molecular dimers [8] .
Coexistence of monomers and dimers in the melt has been reported from vibrational spectroscopy for NbCl 5 and SbCl 5 [9] .
The paper is organized as follows. In Sect. 2 we propose a simple ionic model for a number of pentahalides for which the necessary essential data are available on the monomer in the vapour phase. These are the pentachlorides of Nb, Ta, Sb, and Mo and the pentabromides of Nb and Ta. Although MoCl 5 may undergo a dynamic Jahn-Teller distortion into a C 2v structure, the available evidence is that the Jahn-Teller stabilization is very weak [10] , therefore its effect is not included in our study. Section 3 presents applications of the above results to the evaluation of higher complexes for the case of the Nb compounds: we study the stability of the dimers of NbCl 5 and NbBr 5 and of the NbSbCl 10 complex, as well as the consequences of chlorination through addition of CsCl, AlCl 3 , and GaCl 3 to NbCl 5 . Finally, Sect. 4 gives a brief summary of our results and some concluding remarks.
Interionic Force Model
The model that we adopt in this work for pentahalide compounds was earlier developed for trihalides [11] and tetrahalides [6] . It is based on the Born model for cohesion in ionic compounds and on the shell model for lattice vibrations. Electron-shell deformability is taken into account through (i) effective valences z i subject to overall charge neutrality, and (ii) electric and overlap polarizabilities for the halogen ions. Van der Waals dipole-dipole interactions are included between the halogens. Overlap repulsions Φ ij (r ij ) of exponential form between pairs of ions at separation r ij involve ionic radii R i and stiffness parameters i , according to
where f = 0.05 e 2 /Å 2 is a constant fixing the energy scale. The reader is referred to our earlier work [11] for details on the other contributions to the potential energy of a cluster as a function of the interionic distances and of the electric dipole moments, as well as for a description of the numerical method used to calculate equilibrium structures and vibrational frequencies.
In determining the parameters of the model for pentahalides, we have made use of the simplifying features that have previously been established in similar studies of other ionic compounds, which are the transferability of parameters describing the halogen ions and the direct proportionality between the characteristic radius R M and the hardness parameter M of the metal ion. Here we need to report, therefore, only on the values that we have determined for the valence z M and the radius R M of the pentavalent metal ions, corresponding to the choice R M / M = 18.6 and to the values of the model parameters for the chlorine and bromine ions reported in [6] . These two parameters, whose values are given in the first two rows of Table 1, have been determined by adjusting the model to vapour-phase data on monomers in the D 3h structure, which are (i) the equatorial metal-halogen bond length from electron diffraction data [10, 12] , and (ii) the frequency of the molecular breathing mode [9] . The main point to be noted is that the effective valences in Table 1 are appreciably smaller than the nominal valence of the metal ions. This implies that an important contribution to the cohesion of these molecules is coming from the electronic polarization of the halogens, which within a pseudoclassical model mimics the role of quantum-chemical bonding.
The last row in Table 1 reports the calculated values of the ratio r a /r e between the axial and equatorial bond lengths in the D 3h ground state of the monomer. We find that the axial bond lengths are elongated by about 1%, in agreement with the electron diffraction data [10] .
The vibrational frequencies that we have calculated for each cluster are reported in Table 2 and compared with the available data from vapour-phase or matrix vibrational spectroscopy, from the review by Brooker and Papatheodorou [9] . The model reproduces the main trends of the data and is quantitatively quite good for the high-frequency modes.
Finally, with the same model parameters we have examined the pentahalide monomers in the C 4v tetragonal-pyramid shape. We have found that four halogens are arranged in a square forming the base of the pyramid and the metal ion is somewhat displaced out of the basal plane towards the fifth halogen at the apex of the pyramid. The cohesive energies and the bond lengths of the monomers in the C 4v structure and in the D 3h structure are very similar: for instance, for NbCl 5 we find that the equatorial (axial) bond lengths are 2.29 (2.27)Å in the former structure against 2.28 (2.30)Å in the latter. However, in the C 4v configuration a vibrational mode has an imaginary frequency and drives the monomer to transform into the D 3h shape by a process of axial-equatorial exchange, as already discussed by Kang et al. [13] .
Higher Complexes
We have used the ionic model presented in Sect. 2 to evaluate the structure, the binding energy, and the vibrational frequencies of a number of higher complexes involving the Nb metal ion. These are (i) the dimers of NbCl 5 and NbBr 5 , that we present below together with the NbSbCl 10 complex; and (ii) complexes based on NbCl 5 that are relevant to liquid mixtures with other chlorides. 10 , Nb 2 Br 10 and NbSbCl 10 
The Nb 2 Cl

Molecular Clusters
As expected, all these clusters are formed by edge sharing of two distorted octahedra. The bond lengths between the metal ions and the terminal chlorines are almost unchanged relative to the isolated monomers, whereas those involving the two bonding halogens are considerably elongated (for instance, from 2.28Å to 2.58Å in Nb 2 Cl 10 ). The bridging metal-halogen bonds are therefore weaker, and two pairs of axial bonds are slightly bent towards the ring forming the central part of the molecule (for instance, each of these bonds makes an angle of 86.6 with the plane of the central ring in Nb 2 Cl 10 ). Stretching of two bonds and bending of two other bonds are the main distortions of the basic octahedral unit upon edge sharing with another such unit.
The calculated binding energy of the two dimers relative to their isolated monomers is about 0.1 eV for Nb 2 Cl 10 and about 0.2 eV for Nb 2 Br 10 . The difference between these two cases arises from the higher polarizability of the bonding bromines. The calculated magnitude of the binding energy of the dimer accounts for the fact that, whereas the observed crystal structure is formed from dimers, a state of thermal equilibrium between monomers and dimers is established at the elevated temperatures of the melt.
On the other hand, the calculated binding energy of NbSbCl 10 relative to the isolated monomeric species is essentially zero. We find no evidence, therefore, in favour of the suggestion [9] that this complex may be stably bound in liquid mixtures of NbCl 5 and SbCl 5 . The top rows in Table 3 compare our results for the frequencies of three vibrational modes in NbCl 5 and in its dimer with those reported by Brooker and Papatheodorou [9] from vibrational spectroscopic studies of melts. The agreement of our results with the data is quite pleasing.
Complexes in Mixed Molten Salts: the CsNbCl 6 Cluster
Addition of an alkali chloride such as CsCl to molten NbCl 5 yields by chlorine donation negatively charged NbCl 6 octahedra, which are locally screened by alkali counterions. We have examined this process for the NbCl 5 -CsCl mixture at stoichiometry by evaluating the isolated CsNbCl 6 molecular cluster. The main issue is how the Cs ion ties up to the NbCl 6 octahedron. As is the case for the binding of an alkali ion to the tetrahedron formed by chlorination of a rare-earth chloride [14] , the mechanically stable configurations are formed by placing the Cs counterion in either a twofold or a threefold coordination state. We find that the latter configuration, in which the Cs is bound to a face of the NbCl 6 octahedron, is energetically more stable by about 0.3 eV. The octahedron is slightly distorted: the Nb ion has three terminal chlo-rines at 2.34Å and three bonding chlorines at 2.38Å. The distance of the Cs ion from the latter is 3.8Å.
A comparison between calculated vibrational frequencies in the CsNbCl 6 cluster and data for the NbCl 6 octahedron in molten halide mixtures [9] is reported in Table 3 . 8 and A 2 NbCl 11 Clusters with A = Al or Ga A fourfold, tetrahedral-like coordination of a group-IIIA metal ion such as Al or Ga by chlorines is strongly stable in molten trichlorides and in their mixtures with alkali chlorides. The fourfold coordination state is achieved in these pure trichloride melts by formation of Al 2 Cl 6 or Ga 2 Cl 6 dimers having the shape of edge-sharing distorted tetrahedra. The main issue in regard to the structure of liquid mixtures of these trichlorides with a pentachloride is whether (i) these dimeric units are preserved, or (ii) after dimer breakage the fourfold coordination of the trivalent element is preserved by chlorine sharing of tetrahedral-like units with pentachloride clusters.
Complexes in Mixed Molten Salts: the ANbCl
We have examined the above issue by considering the ANbCl 8 and A 2 NbCl 11 isolated clusters corresponding to two different stoichiometries of the mixture, with A = Al or Ga. Considering first the case of Al, for AlNbCl 8 we have found two mechanically stable structures: a structure formed by corner sharing between an NbCl 5 cluster and a distorted AlCl 4 tetrahedron, and a second structure formed by edge sharing between an NbCl 6 distorted octahedron and a distorted AlCl 4 tetrahedron. The former structure is energetically more stable by about 0.3 eV. In the case of Al 2 NbCl 11 we have found a mechanically stable structure consisting of an NbCl 5 cluster and two distorted AlCl 4 tetrahedra attached to it by corner sharing. All these structures are quite strongly bound against breakage into separate NbCl 5 and Al 2 Cl 6 units. Very similar results are obtained in the case A = Ga.
It thus appears from our calculations that the NbCl 5 clusters in liquid mixtures with group-IIIA chlorides may act as efficient centres of aggregation for monomeric tetrahedral-like units. The evidence from vibrational spectroscopic studies of mixed melts has been presented in the review by Brooker and Papatheodorou [9] . They report that the vibrational spectra consist of overlapping bands that they attribute to NbCl 5 , Nb 2 Cl 10 , and Al 2 Cl 6 molecules, but in the case of NbCl 5 -GaCl 3 mixtures they suggest the possible formation of GaNbCl 8 clusters.
Summary
In summary, we have proposed a model for the ionic interactions in the chlorides and bromides of some pentavalent metal elements from an analysis of their gaseous monomers and applied it to evaluate the structure and the cohesive and vibrational properties of higher molecular clusters. Our results confirm that a state of thermal equilibrium between molecular monomers and dimers can exist in the vapour and liquid phases of a compound such as Niobium pentachloride. We have also exposed two qualitatively distinct behaviours for ionic mixtures involving this compound: (i) chlorine donation through mixing with alkali halides stabilizes a sixfold octahedral-like coordination of the pentavalent element; and (ii) mixing with strongly bound units such as the tetrahedral clusters in chlorides of group-IIIA elements can preserve these units together with the fivefold or sixfold coordination of the pentavalent element through formation of higher complexes via corner or edge sharing. It is also hoped that these results on interionic force laws may be useful in computer simulation studies of these compounds in the molten state.
